The method allowing enhance the eficiency of entangled photon sources based on Type II spontaneous parametric down conversion (SPDC) by means of mode inversion of one of the SPDC output beams is described. Overlap between the the entire signal in idler beams can be achieved using the mode inversion thus maximizing the SPDC photon pair yields. With this method, coincidence count rates as high as 60 kHz from a single 0.5 mm long bulk BBO crystal pumped by the second-harmonic radiation of a femtosecond Ti:Sapphire laser, were obtained.
Entangled states of photons form basis of several newly emerging research fields, such as quantum information processing 1 and quantum lithography 2 . Further progress in these fields depends on the availability of efficient sources of entangled photon pairs. Currently the most accessible way to obtain correlated photon pairs is via nonlinear spontaneous parametric down-conversion (SPDC) process in which a higher energy pump photon is converted into a correlated pair of lower-energy signal and idler photons. By selecting certain conjugated modes with the help of spatial (e.g. pinholes) and spectral filters, and overlapping the pair photons on a lossless 50/50 non-polarizing beam splitter (NPBS), entangled bi-photon states are prepared. Despite various attempts to increase the bi-photon yield, efficiency of such sources is limited by the spatial filtering. Here we propose and demonstrate experimentally a method which utilizes the entire SPDC output thus allowing to obtain high photon-pair yields from from SPDC in a single bulk optical nonlinear crystal.
The principle of the proposed method is illustrated in Fig. 1 . Orthogonally-polarized, diverging ring-like signal and idler radiation cones produced in a type-II degenerate SPDC in a collinearly pumped BBO crystal are collimated by the lens L1 and their paths are separated by the polarizing beam-splitter (PBS) as shown in Fig. 1(a) . The mirror M1 suppresses the residual pump beam but is transparent at the down-converted wavelength. Subsequently the entire ring-like beams are overlapped on the non-polarizing beam-splitter NPBS, their paths and phase difference are adjusted by the mirrors M2, M3, and the delay lines. With single-photon counting detectors 1 and 2 mounted in the output arms of the NPBS, this setup allows to perform the standard Hong-Ou-Mandel test of the bi-photon states based on the analysis of the coincidence-count (CC) rates as a function of the optical delay, τ. The crucial element of the setup is the presence of the mode inverter ("Inverter") in the path of one of the beams. The mode inversion is illustrated in Fig. 1(b) by the example of the pentagon-like beam profile depicted on the input side of the mode inverter. The original SPDC rings have azimuthal dsistributions of the phase-matched pair photons similar to those shown in the top picture of Fig. 1(c) . Hence, it is impossible to straightforwardly project the two rings on each other in a way that ensures that each signal photon is spatially coincident with idler photon. However, mode inversion lifts this restriction by inverting one of the rings about its geometrical center, and each signal and idler photon of the same pair occupies identical positions in their respective rings as illustrated in the bottom picture of Fig. 1(c) . In principle, the entangled bi-photon states can be constructed from all SPDC photons, and the total pair is maximized.
This idea was tested using SPDC process in a BBO crystal of 0.5 mm length under femtosecond pumping by the second harmonic (400 nm, average power 115 mW) of a Ti:Sapphire laser (Tsunami, Spectra Physics, pulse length ≈100 fs, central wavelength 800 nm, repetition rate 80~MHz. Figure 2 shows the CC rate versus the delay time between the arrival of the birth-paired photons at the NPBS. For delays exceeding the pulse duration (>150 fs), CC rate of 30 kHz per arm (60 kHz in total) was observed. This result indicates that high degree of overlap between the birth-paired photons is achieved due to the use of the mode inverter. The dip in the CC rate observed at zero delay suggests formation of the bi-photon states. Though visibility of the dip is only 42%, the bi-photon flux inferred from the highest and lowest CC values pertaining to the CC dip exceeds 16 kHz, which is clearly higher than that achievable with optical schemes that use spatial filtering and selection of particular directions and hence utilize a small fraction of the SPDC otput. Taking into account that total transmission of our optical scheme was 0.35, and that the efficiency and dead-time of the single-photon counting photodetectors (SPCM-AQR-14, Perkin Elmer) was 0.65 and 40 ns, respectively (i.e., one photon or photon pair from every sixth pump pulse was registered), the total bi-photon flux of 1.7·10 6 s -1 can be deduced. This is approximately 100 times higher than that achieved with beamlike Type II BBO based scheme 3 , and 30 times higher than in the case of type I BBO based scheme 4 .
In conclusion, we have demonstrated that efficiency of entangled photon sources based on Type II SPDC can be strongly enhanced in the optical scheme which utilizes inversion of the spatial modes allowing to obtain detailed spatial overlap between the entire SPDC beams, thus maximizing the overlap between all birth-paired photons.
